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Abstract: DLC coatings have low adhesive bond strength with the substrate and a high level of residual
stresses. This paper is devoted to researching a complex of characteristics of a DLC-Si coating deposited
on samples of SiAION ceramics with intermediate coatings (CrAlISi)N pre-formed to improve the
adhesive bond strength employing vacuum-plasma spraying. DLC-Si coatings were formed by chemical
vapor deposition in a gas mixture of acetylene, argon, and tetramethylsilane supplied through a
multichannel gas purge system controlling the tetramethylsilane volume by 1, 4, 7, and 10%. The SiAION
samples with deposited (CrAlSi)N/DLC-Si coatings with different silicon content in the DLC layer
were subjected to XPS and EDX analyses. Tribological tests were carried out under conditions of high-
temperature heating at 800C. The nanohardness and elasticity modulus of the rational (CrAISi)N/DLC-Si
coating with Si-content of 4.1% wt. were 26 + 1.5 GPa and 238 + 6 GPa, correspondingly. The rational
composition of (CrAlSi)N/DLC-Si coating was deposited on cutters made of SiAION ceramics and
tested in high-speed machining of aircraft nickel-chromium alloy compared to uncoated and DLC-coated
samples. The average operating time (wear resistance) of (CrAlSi)N/DLC-Si(4.1% wt.)-coated end mills
before reaching the accepted failure criterion was 15.5 min when it was 10.5 min for the original cutters.

Keywords: ceramic cutters; cutting ceramics; coefficient of friction; (CrAlSi)N sublayer; DLC-Si
coatings; high-temperature wear; SIAION; sp3- and sp2-hybridizations; wear resistance

1. Introduction

Nowadays, diamond-like carbon (DLC) coatings are widely used in mechanical engi-
neering as wear-resistant layers, the primary function of which is to increase the hardness
significantly and reduce the coefficient of the friction of the product’s working surfaces
during machining under various contact loads and intense frictional interaction of counter
bodies with various materials [1-5]. DLC coatings consist of carbon atoms with sp3- and
sp?-hybridizations combined into an amorphous structure. The high content of carbon
atoms with diamond sp3-bonds in the presence of graphite-like sp>-bonds provides a
unique set of parameters for coatings of this type [6-9].

DLC coatings have apparent positive features but many disadvantages at the same
time. For example, the majority of the diamond-like carbon coatings including both
hydrogen-free (a-C) and hydrogenated (a-C:H) have low adhesive bond strength with the
substrate and a high level of residual stresses, which are aggravated by increasing DLC
coatings’ thickness [10-14]. In addition, a significant limitation of the coatings” application
areas is related to their relatively low thermal stability, which results in the coatings rapidly
losing their properties under conditions of exposure to high thermal loads on the contact
surfaces [15,16].

Various technological approaches have become widespread among the leading research
groups to minimize these shortcomings. The most effective is alloying with various elements
during the DLC coating formation. For example, introducing metal and metalloid atoms
into a diamond-like carbon matrix can significantly reduce internal stresses and improve
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coatings’” mechanical and tribological properties since DLC coatings have a high hardness
and low friction coefficient when alloying elements are characterized by high ductility. In
addition, introducing additional elements can increase the operation efficiency of DLC coatings
under thermal loads due to the thermally stable oxides’ formation upon heating [17-19].
Another technological approach that has proved its advantages in practice is the formation of
intermediate coatings before DLC coating’s deposition to increase the total thickness of the
coating while ensuring the high strength of the adhesive bond with the substrate [20-23]. In
addition, the intermediate coating can protect the product’s contact surfaces from premature
wear for an additional time after the abrasion of the outer DLC layer.

There is no universal technological solution with relatively intensive development
of improving DLC coatings. Moreover, one must proceed from the specific operating
conditions of the product (substrate) on which the coating is applied and pay special
attention to the type and substrate properties to develop a DLC coating and its deposition
technique. Evaluation of the effectiveness of the chosen approach to the DLC coating
formation should be carried out under thermomechanical loads corresponding to the
nature and level of operational ones [24,25].

DLC coatings” deposition on metal and metal-ceramic alloys is a reasonably well-
studied area, but the deposition of these coatings on ceramics remains outside the main
focus of research groups. Technical ceramics are structurally inhomogeneous composite
materials with high hardness and heat resistance, products which are operated under the
simultaneous action of large mechanical and thermal loads in many cases [26-30]. The
influence of various thin-film coatings based on nitrides of refractory metals on the wear
resistance of ceramics has been studied by various authors [31-34]. The results of studies of
the potential possibilities of using DLC coatings to improve the wear resistance of ceramic
products are in areas of scientific and practical interest. Preliminary studies performed
by the authors of this work have shown that the formation of intermediate coatings, in
particular, multicomponent nitride such as (CrAlSi)N before DLC coatings’ deposition, as
well as doping of the outer DLC coating of silicon, is an approach that has a particular
potential and needs more in-depth study [35-39].

One of the most modern SiAION ceramics, which exhibit improved physical and
mechanical properties among industrially produced ceramic materials and is used to
manufacture various types of metalworking ceramic tools, was chosen as substrates for
DLC coatings” deposition [39—44]. At the same time, end mills designed for high-speed
machining aviation-type nickel-chromium alloys, the so-called superalloys, are of particular
practical interest among tools made from SiAION.

Thus, among their various advantages, DLC-coatings exhibit a low level of adhesion
to the ceramic substrate and a high level of stress. These shortcomings only increase with
increasing coating thickness and ultimately affect the durability of the cutting tool, which
is especially important in the high-temperature machining of nickel-containing alloys.

This work is aimed at solving this problem and proposes an original integrated
approach to improve the tool-life parameters, namely to use the method of alloying the
DLC-coating deposited by a chemical method and the formation of an intermediate coating
to improve the adhesive bond.

Namely, the study is devoted to the research of the effect of DLC coatings with different
silicon contents formed by chemical vapor deposition on the wear resistance of SIAION
tool ceramics where DLC-Si was deposited on a preformed (CrAlSi)N intermediate coating.
The volume content of tetramethylsilane in the gas mixture was varied at the level of 1,
4,7, and 10% vol. to provide different content of the alloying element in DLC-Si. The
(CrAlSi)N/DLC-Si coatings were subjected to XPS and EDX analyses, nanohardness and
elastic modulus measurements, as well as tribological tests at high-temperature friction
sliding. The rational composition of the (CrAISi)N/DLC-Si coating (from the point of view
of high-temperature tribological tests’ results, in other words, the coating option that has
shown the best results in tests) was deposited on end-mill samples made of SiAION tool
ceramics, which were tested during high-speed machining of aircraft NiCr20TiAl nickel-
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chromium alloy. During testing, data were obtained on wear resistance and prospects for
further application of these coatings.

2. Materials and Methods
2.1. Characteristics of SiAION-Ceramic Substrates and End Mills Made of It

When conducting research, SiAION-based ceramics for tool purposes was used as
a substrate material for (CrAISi)N/DLC-Si coating. It has the following physical and
mechanical properties: hardness of 15.0 GPa; density of 3.45 g/cm?; bend strength of
870 MPa; Young’s modulus of 280 GPa; fracture toughness Kj. of 6.9 MPa-m!/2. The
technology of high-speed spark plasma sintering of the initial ceramic powders x-SiAION
and -SiAION was used to obtain samples based on SiAION under the conditions of
the appearance of spark plasma between the particles of the sintered workpiece and the
passage of pulsed currents through it [35].

Figure 1a shows the SEM image of the microstructure of samples of sintered SIAION
ceramics obtained on a Tescan VEGA 3 LMH scanning electron microscope (Brno, Czech
Republic). Samples in the form of washers of 19 mm in diameter and 7 mm in height were
made from sintered ceramic blanks, which were subsequently coated with (CrAlSi)N/DLC-
Si compositions for various types of analysis and tribological tests. In addition, samples
of end mills with a diameter of 10 mm and a length of 60 mm were made from sintered
ceramic blanks. An SEM image of its cutting part is shown in Figure 1b. A photograph of
their general view is presented in Figure 1c. The technology of diamond sharpening of end
mills is described in detail in [35]. (CrAlSi)N/DLC-Si coatings were deposited on the end
mills, which showed the best performance in high-temperature tribological tests.

I

SEM HV: 10.0 kV WD: 4.56 mm VEGA3 TESCAN|
View field: 3.14 mm Det: SE 500 pm
SEM MAG: 66 x  Date(m/dly): 01/01/110 MITY CTAHKWH

SEM‘HV: 10.0 kV WD: 5.32 mm
View field: 19.1 pm Det: SE
SEM MAG: 10.9 kx  Date(m/dly): 01/01/10 MITY CTAHKWH

(b) (c)

Figure 1. SEM images of the microstructure of SiIAION ceramics (a), the cutting part of the end mill
made from it (b) and a general view of the ceramic end mills (c).

The X-ray diffraction pattern of a sintered sample made of SiAION ceramics used in
the research is shown in Figure 2. X-ray phase analysis was carried out on a Bruker D8
Advance diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) with monochromatic
CuK« radiation when shooting in the angle range of 20-90° 2@ with a step of 0.05° and
exposure to each point for 5 s. The analysis of the obtained results using the ICDD PDF-2
database made it possible to reveal the main structural components of the sintered SIAION
ceramics, which is represented by the Sis AION7 and SizNy4 phases.
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Figure 2. X-ray diffraction pattern of a sample made of SiAION ceramics used in research.

2.2. (CrAlSi)N/DLC-Si Coating Technique for SiAION-Ceramic Samples

Coating of SiAION-ceramic samples was carried out on an experimental and indus-
trial technological unit developed at Moscow State University of Technology STANKIN
(Moscow, Russia), equipped with a vacuum-arc discharge plasma generation device for the
deposition of a nitride transition nitride coating (CrAlSi)N by evaporation of AlSi and Cr
cathodes, a multichannel system gas inlet and glow discharge generation system, which
ensures the formation of a coating based on DLC layers by gas-phase deposition in glow
discharge plasma through a chemical reaction and decomposition of the components of
a gas mixture of acetylene, argon, and tetramethylsilane. The original unit is based on a
set of solutions created by the research group of the university and allows the deposition
of a wide range of transition coatings based on refractory metal nitrides [45-49]. The
implemented-in-the-unit DLC deposition technique is similar to the approach developed
and implemented by PLATIT (Selzach, Switzerland).

The general view and internal design of the processing unit used for the deposition of
CrAlSi)N/DLC-Si coatings are shown in Figure 3. The volume content of tetramethylsilane
in the gas mixture was varied in the volume of 1, 4, 7, and 10% to provide different content
of the alloying element (silicon) in DLC-Si composition. The total thickness of the deposited
coatings was controlled by the deposition time and amounted to ~3.9 um including ~1.9 pm
for (CrAlSi)N and ~2.0 pm for DLC. A block diagram of the technological process and
the sequence of operations with the modes of (CrAlSi)N/DLC-Si coating deposition on
samples made of SIAION ceramics is shown in Figure A1 (Appendix A).
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Figure 3. General view (a) and internal design of the processing unit (b) used for (CrAlSi)N/DLC-Si
coatings deposition on SiAION-ceramic samples.

2.3. Methods for Studying the Structure, Elemental Composition, and Tribological Testing of
Samples of SiAION Ceramics with (CrAlSi)N/DLC-Si Coatings

X-ray Photoelectron Spectroscopy (XPS) analysis was used to study carbon atoms’
chemical and electronic state on the surface of ceramic samples with (CrAlSi)N/DLC-
Si coatings. The DLC and (CrAlSi)N/DLC-Si coated samples and uncoated ones were
heated to 800 °C in a high-temperature vacuum furnace Thermionic T1 (JSC Thermionika,
Podolsk, Moscow region, Russia) and analyzed. Preheating was carried out to predict the
transformation of the initial structure of the (CrAlSi)N/DLC-Si coatings during cutting,
which is accompanied by the development of high temperatures.

XPS analysis was performed on a Thermo Scientific K-ALPHA X-ray photoelectron
spectrometer (Thermo Fisher Scientific Inc., Bremen, Germany). High-resolution imaging
was carried out using monochromatic and polychromatic Mg K& and Al Ko radiation at a
power of 200-300 W, a voltage of 14 kV, and a chamber pressure of 7 x 1078 Pa. Studies
were carried out to identify various peaks of the DLC layer in the composition of the
prominent Cls peak: sp2 and sp3 peaks characterizing carbon hybridizations, and C=O
and C-O peaks characterizing various compounds of components with oxygen and other
elements. In addition, the peaks of phases containing silicon compounds were analyzed. A
set of characteristics was evaluated during XPS analysis such as start binding energy (SBE),
binding energy (BE), end binding energy (EBE), and atomic percent (Atomic %) for each
component of the DLC layer.

The study of the elemental composition of the surface layer of ceramic samples with
(CrAlSi)N/DLC-Si coatings was carried out using the Oxford Instruments INCA Energy
energy-dispersive X-ray spectroscopy (EDX) system with which a VEGA 3 LMH scanning
electron microscope (Tescan, Brno, Czech Republic) is equipped. The atoms were excited
using a beam of electrons in the EDX process and emitted x-rays specific to each chemical
element. When studying the energy spectrum of this radiation using a specialized program,
data were obtained on the samples’ semi-quantitative elemental composition.

The study of the structure of the formed coatings was carried out by transmission elec-
tron microscopy using JEM-2100F equipment (JEOL, Tokyo, Japan). The surface microrelief
of ceramic samples with (CrAlISi)N/DLC-Si coatings was studied on a DektakXT stylus
profilometer (Bruker, Karlsruhe, Germany).
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The nanohardness of (CrAlSi)N/DLC-Si coatings formed on Si-AION-ceramic samples
was estimated on the Martens scale by indentation with a diamond indenter on a CSEM
instruments’ nanohardness tester (CSM Instruments SA, Peseux, Switzerland) according to
the method of Oliver and Farr, [50-53]. The cycle “load—unload” duration was 50 s, and
the applied load was 4.0 mN. The nanohardness and modulus of elasticity of the coatings
were calculated based on the obtained experimental data.

Wear resistance of coated ceramic specimens under conditions of high-temperature
friction-sliding in contact with a counterbody (ceramic ball of 6 mm in diameter) at a
load of 1 N, a sliding speed of 10 cm/s, a displacement radius of 2 mm, and a heating
temperature of 800 °C was evaluated on a TNT tribometer S-AX0000 (Anton Paar TriTec
SA, Wien, Austria). The change in the coefficient of friction over time was determined with
the rotation of the test sample relative to a fixed counterbody. The reduced volumetric wear
of the coated samples was determined using the average value of the cross-sectional area of
the wear track, which was estimated from the results of measuring five transverse profiles
of the wear track on the DektakXT profilometer.

2.4. Wear Test Technique for End Mills of SiAION Ceramics with (CrAlISi)N/DLC-Si Coatings

Laboratory testing of uncoated and (CrAlSi)N/DLC-Si coated SiAION-ceramic end
mills was carried out by high-speed cutting of aviation nickel-chromium alloy — NiCr20TiAl
(EN 10269), which had the shape of a cylinder with a diameter of 50 mm. The chemical
composition of the NiCr20TiAl alloy is shown in Table 1. Physical and mechanical proper-
ties of the nickel-chromium alloy to be machined are as follows: HRC hardness of 32-33;
ultimate strength (tensile strength) of 1130-1160 MPa; density of 5.66 g/cm?.

Table 1. Chemical composition (%) of NiCr20TiAl nickel-chromium alloy.

Ni Cr Ti Al Fe Si Co Mn Cu C Other Elements
73 20 25 1.0 1.0 0.6 0.5 04 0.2 0.07 0.73

The tests were carried out on a CTX 1250TC multi-axis turning and milling machining
center from DMG (Bielefeld, Germany). The positioning of SiAION-ceramic end mills
relative to the workpiece made of NiCr20TiAl alloy during wear resistance tests is shown
in Figure 4a. The experiments were carried out under the following milling modes: cutting
speed of 376.8 m/min (rotational speed 12,000 rpm), feed per minute of 1500 mm /min,
and feed per tooth of 0.03 mm/tooth. The “dry” machining scheme without cutting fluids
was used [54].

(@) | (b)

Figure 4. Positioning of end mills made of SiAION ceramics relative to the workpiece made of
NiCr20TiAl alloy for wear resistance testing (a) and the wear center location on the back surface of
the cutting tooth and measuring h¢ in quantifying wear (b).
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(CrAISiN

(a)

The critical size of the wear area h¢ along the flank surface of the cutter tooth equal to
0.4 mm was taken as the criterion of the end mills’ failure (Figure 4b). The wear resistance
of the tool was defined as the cutting time until the cutter reaches the specified wear. When
the mentioned criterion is exceeded, the cases of chipping of the cutting edge increase
many times over. A SteREO Discovery V12 metallographic optical microscope from Zeiss
(Oberkochen, Germany) was used to quantify wear. The wear pad was monitored on each
of the tested ceramic cutter teeth. The arithmetic mean values were calculated based on the
obtained data, which were used to draw the “wear-cutting time” curves.

3. Results and Discussion
3.1. Structure and Morphology of (CrAISi)N/DLC-Si Coatings Deposited on SiAION Ceramics

The results of studies performed by means of transmission electron microscopy of
the cross-section of (CrAlSi)N/DLC-Si coatings deposited on SiAION ceramics make
it possible to reveal the structural features of the DLC-Si outer layer (Figure 5). The
DLC-Si layer formed by chemical vapor deposition in a mixture of acetylene, argon, and
tetramethylsilane is characterized by a homogeneous amorphous structure, on which the
gradient DLC layer and the main DLC layer are well pronounced. It should be noted that
no microstructural differences were observed in the coatings formed at different contents
of tetramethylsilane Si(CH3),.

/ ;
sgradient
/ DLC-layer

DLC-layer

(b) (0)

Figure 5. TEM images of the cross-section of the (CrAlSi)N/DLC-Si coating (a,b) and the DLC-5i
outer layer (c).

The distinctive features of the (CrAlSi)N/DLC-Si coatings are revealed by SEM anal-
ysis and 3D surface profilometry (Figure 6). The surface of (CrAlSi)N/DLC-Si coatings
has a characteristic morphology of densely packed rounded granule-like particles with a
diameter of 300-900 nm. A similar morphological pattern was observed by the authors
of [55] in studying DLC coatings.

3.2. Structure and Elemental Composition of the Surface Layer of (CrAISi)N/DLC-Si Coatings
Deposited on SiAION Ceramics

Tables 2-5 summarize the results of the XPS analysis of (CrAISi)N/DLC-Si coatings
formed on SiAION-ceramic at various contents of 1, 4, 7, and 10% vol. of tetramethylsilane
Si(CH3)4 in a gas mixture with acetylene and argon. Considering that an excess amount
of oxygen on the surface of the samples complicates the assessment of sp2 and sp3 hy-
bridizations of carbon, a thin surface layer of the coating was etched with argon ions with
an energy of 2 keV to a depth of about 0.005 um immediately before analysis. The error in
determining the binding energy of electronic levels in the XPS analysis was 0.1 eV.
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(b)

Figure 6. SEM image of the surface of the (CrAlSi)N/DLC-Si coating formed on the cutting edge of
the end mill (a) and its 3D profilogram (b).

Table 2. XPS spectra and peak energy characteristics of (CrAlSi)N/DLC-Si coatings (DLC-Si layer
deposition in 1% vol. Si(CHjs)4, 54% vol. Ar, and 45% vol. C;Hy).

XPS-Peak Scanning Range, Binding Energy Peak, Atomic % Atomic %
eV eV (Initial Sample) (after Heating)
Cl1s Sp3
(hybridization of 279-297 285.5 56.34 33.67
diamond)
Cls Sp2
(hybridization gf graphite) 279-297 284.3 18.31 28.08
Cls C=0 279-297 286.5 9.31 13.12
C1s C-O 279-297 286.2 7.46 10.97
O1s C-O 525-545 533.4 3.89 7.03
O1s C=0 525-545 531.8 3.59 6.01
Ols SiO, 525-545 532.5 N/D 1.12

5i2p3, Si-N, Si-C 95-110 100.4 1.1 -
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Table 3. XPS spectra and peak energy characteristics of (CrAlSi)N/DLC-Si coatings (DLC-Si layer
deposition in 4% vol. Si(CHs)4, 51% vol. Ar, and 45% vol. CoHy).

XPS-Peak Scanning Range, Binding Energy Peak, Atomic % Atomic %
% eV (Initial Sample) (after Heating)
Cl1s Sp3
(hybridization of 279-297 285.3 56.02 39.49
diamond)
Cls Sp2
(hybridization of graphite) 279-297 2845 15.53 21.98
Cls C=0 279-297 286.5 9.41 11.89
Cls C-O 279-297 286.1 7.73 9.41
O1s C-O 525-545 533.5 3.68 6.86
O1s C=0 525-545 531.8 3.35 6.02
O1s SiO, 525-545 532.4 N/D 3.35
5i2p3, Si-N, Si-C 95-110 100.3 4.28 1.0

Table 4. XPS spectra and peak energy characteristics of (CrAlSi)N/DLC-Si coatings (DLC-Si layer
deposition in 7% vol. Si(CHs)4, 48% vol. Ar, and 45% vol. CoHy).

XPS-Peak Scanning Range, Binding Energy Peak, Atomic % Atomic %
eV eV (Initial Sample) (after Heating)
Cls Sp3
(hybridization of 279-297 285.2 51.94 31.23
diamond)
Cls Sp2
(hybridization Ef graphite) 279-297 2845 1548 25.02
Cls C=0 279-297 286.5 10.02 12.74
ClsC-O 279-297 286.2 8.03 10.31
0O1s C-O 525-545 533.4 4.77 7.94
O1s C=0 525-545 531.6 3.34 6.01
O1s SiO, 525-545 5324 1.01 5.71
Si2p3, Si-N, Si-C 95-110 100.4 541 1.04

Table 5. XPS spectra and peak energy characteristics of (CrAlSi)N/DLC-Si coatings (DLC-Si layer
deposition in 10% vol. Si(CH3)4, 45% vol. Ar, and 45% vol. C,Hp).

XPS-Peak Scanning Range, Binding Energy Peak, Atomic % Atomic %
eV eV (Initial Sample) (after Heating)
Cls Sp3
(hybridization of 279-297 285.3 48.1 31.02
diamond)
Cls Sp2
(hybridization of graphite) 279-297 284.3 15.21 231
Cls C=0 279-297 286.6 11.39 12.98
Cls C-O 279-297 286.1 8.17 10.02
O1s C-O 525-545 533.5 5.39 8.1
O1s C=0 525-545 531.8 3.63 6.72
O1s Si0, 525-545 532.5 1.05 6.01
5i2p3, Si-N, Si-C 95-110 100.5 7.06 2.05

It can be seen that the Cls carbon peak was the main component of the coatings’
surface under study. Its scanning was carried out in the energy range from 279 to 297 eV,
and the spectrum acquisition time was 80 min. Two main states can be distinguished in
the carbon spectrum, sp3 and sp2 hybridization of carbon, which are related to diamond
and graphite, respectively, and have binding energies of about 284.3-285.5 eV. The share of
sp3/sp2 hybridizations accounts for about 63-74% of the total components’ composition
of the studied coatings in the initial state. In addition, XPS analysis revealed various
carbon-containing impurities (about 16-19%) in the main peak of the Cls coating, which is
typical for DLC films [56-58]. In the analysis of samples with coatings in the initial state
(without heating and exposure), sp3 carbon hybridization significantly predominates over
sp2 (by 3.1-3.3 times) for all samples under study.
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The XPS analysis also revealed an Ols peak during scanning in the energy range
from 525 to 545 eV, which characterizes the presence of various forms of oxygen with
increased binding energies, 531.6-533.5 eV. The studied samples contain oxygen in the form
of surface-adsorbed groups. The proportion of the oxygen component for the samples in
the initial state is about 7-10%. It should be noted that another component in the main
oxygen peak Ols was identified as silicon dioxide SiO; for samples on which the DLC-Si
layer was deposited in a gas mixture containing 7 and 10% vol. of Si(CH3)4. Its share was
about 1%.

In addition, a Si2p3 silicon photoelectron peak was detected, indicating the presence
of 5i, S5i-N, Si-C type compounds with energies connections of 100.3-100.5 when scanning
(CrAlSi)N/DLC-Si coatings in the energy range from 95 to 110 eV in the XPS analysis.
For the samples at the initial state, its proportion increased from 1.1 to 7.06% as Si(CH3)4
increased from 1 to 10% vol. in the gas mixture during the DLC-Si layer deposition.

The last column of Tables 2-5 shows the calculated data of the XPS analysis of the
samples after heating in a vacuum furnace to a temperature of 800 °C and holding for
30 min. The data obtained indicate a significant transformation in the DLC-Si layer structure
upon thermal treatment. An analysis of these changes is of particular interest since the
surface layer of tools made of SiAION ceramics is subjected to intense thermal impact
during operation at high cutting speeds. The main changes identified are as follows:

e  Firstly, pronounced changes in the Cls carbon peak were established as follows: The
share of sp3/sp2 hybridization among the total composition of the components of the
coatings under study decreases by 9-13%. Simultaneously, the proportion of diamond
hybridization (sp3) significantly decreases by 17-23%, while the proportion of graphite
hybridization (sp2) increases by 6-10%. The proportion of various carbon-containing
impurities in the DLC-Si layer increases by 4-7%. The specified tendency for the
transition of sp3- to sp2-hybridization under thermal exposure is due to the level
of thermal stability and features of the interatomic bonds of carbon atoms and is
consistent with the experimental data of other researchers [59-62].

e  Secondly, significant changes in the Ols oxygen peak were revealed. Its fraction in
the composition of the DLC-Si layer’s components for samples subjected to high-
temperature treatment increases by about 2 times compared to the initial samples.
At the same time, the proportion of silicon dioxide SiO, in the oxygen peak Ols for
the samples after thermal treatment increases significantly as Si(CHjz)4 increases in
the gas mixture during the DLC-Si layer deposition. If Si(CH3)4 content is 1% vol.,
the proportion of SiO; is about 1%. Then, the share of silicon dioxide in the DLC-Si
layer’s composition is 3.3, 5.6, and 6% at 4, 7, and 10% vol. of Si(CHj3)4, respectively.
Simultaneously, there is a significant decrease in the proportion of the Si2p3 silicon
peak (compounds of the Si, Si-N, Si-C type) in the surface layer of the samples after
heating. It indicates the oxidative reactions” occurrence with the thermostable SiO,
phases” formation that reduces the compressive stress in the films and improves the
film fracture toughness [63]. The authors of [64] reported an increase in the wear
resistance of DLC:Si films two times in comparison with pure DLC films. The authors
of [65] noted that analysis of the XPS peaks of DLC:Si films containing 4-29 at.% of Si
deposited by reactive magnetron sputtering revealed the presence of S5i-C bonds and
a significant amount of 5i-O-C and Si-Ox bonds. However, the rest of the mentioned
study [65] is devoted to researching the optical properties of those coatings. The
intensification of the formation of these phases occurs, starting from temperatures of
800 °C as follows from the data of works [66,67].

Since the performed XPS analysis provides information on the presence of various
compounds in a thin near-surface layer and does not provide information on the ele-
mental composition and content of the alloying element (silicon) along the depth of the
surface layer, the EDX analysis of the samples was additionally performed. The EDX maps
of the distribution of chemical elements in a tool SiAION-ceramic sample coated with
(CrAlSi)N/DLC-Si (as an example, a characteristic pattern for the deposition of a DLC-5i
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layer at 4% vol. in a gas mixture) is presented in Figure 7. It allows us to qualitatively assess
the various elements’ concentration in the surface layer from contrast images. In particular,
the content of silicon is traced in the bulk of the SiAION-ceramic, in the preliminarily
formed nitride layer (CrAlSi)N, and directly on the surface of the formed DLC-Si layer.

@ © 5

Figure 7. EDX-maps of the chemical elements’ distribution in the surface layer of a sample made of
SiAION ceramics with (CrAlSi)N/DLC-Si coatings: (a) aluminum; (b) carbon; (c) chromium; (d) nitrogen;
(e) oxygen; (f) silicon.

Figure 8 shows the distribution of elements over the cross-section of a (CrAlSi)N/DLC-5i
coating formed on a sample of SiAION tool ceramics. It is seen that the silicon concentration
increases upon transition from the main DLC layer to the gradient DLC layer (the layer
structure is visible in Figure 5b), then it slightly decreases along the depth of the intermediate
(CrAlSi)N layer and sharply increases along the depth of the SIAION ceramics.
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Figure 8. Elements’ distribution over the cross-section of the (CrAlSi)N/DLC-Si coating deposited
on a sample of tool SIAION-ceramic. (Data obtained by EDX analysis.)
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Figure 9 shows the relationship between the content of tetramethylsilane in the gas
mixture used during the primary (outer) DLC-Si layer deposition and the silicon content in
it, revealed by the results of XPS analysis. It can be seen that the dependence is linear, and
the content of the mass fraction of Si (% wt.) increases monotonically with an increase in
the Si(CHj3)4 content in the gas mixture (% vol.). Thus, the presence of 1, 4, 7, and 10% vol.
Si(CHs)4 in the gas mixture ensures the Si content in the DLC-Si layer is about 1.5, 4.1, 6.2,
and 7.7% wt.

. 12.00

10.00

8.00

6.00

4.00

2.00

Si(CHj;),-content in the gas mixture, % vol

0.00
0.00 2.00 4.00 6.00 8.00 10.00

Si-content in the DLC-Si layer, % wt.

Figure 9. Dependence of the Si mass content in the main DLC-Si layer on the volume content of
Si(CHj3)4 in the gas mixture. (Data obtained by EDX analysis.)

3.3. Physical, Mechanical, and Tribological Characteristics of the Surface Layer of
(CrAlSi)N/DLC-Si Coatings Deposited on SiAION Ceramics

The dominant role in forming DLC coatings’ various properties such as hardness and
elastic modulus coefficient of friction, and volumetric wear, is played by the structural con-
figurations of carbon and alloying/doping elements’ compounds present in the deposited
coating. Table 6 shows the results of the assessment of nanohardness and modulus of
elasticity for polished samples of SIAION ceramics with (CrAlSi)N/DLC-Si coatings with
different Si content in the outer DLC layer, provided by varying the content of Si(CHs),4
in a gas mixture after deposition. The results were obtained at a penetration depth of the
Berkovich indenter of about 400 nm. It can be seen that as the proportion of carbon sp3
bonds decreases and the proportion of silicon compounds increases, the nanohardness
(H) and elastic modulus (E) of the DLC-Si layer decrease compared to the “pure” DLC
film deposited in the absence of a silicon-containing gas. For example, while the values of
H and E for the DLC layer are 28 and 246 GPa, these values decrease to 19 and 198 GPa,
respectively, for the DLC-Si layer at Si, 7.7% wt.

Table 6. Characteristics of (CrAlSi)N/DLC-Si coatings deposited on SIAION-ceramic substrates with
different Si contents in the outer layer.

Sample Si-Content in DLC Layer, % wt. Nanohardness H, GPa Modulus of Elasticity E, GPa
Original - 28 £1.5 246+ 6

No. 1 15 27 +1 241 £8

No. 2 41 26+15 238+ 6

No. 3 6.2 2+1 210+ 6

No. 4 7.7 19+1 198 + 4
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It should be noted that the obtained nanohardness (H) and elastic modulus (E) of the
DLC-Si layer correlates with the data obtained in [63] for hardness and elastic modulus of
DLC films doped with Si deposited on the glass substrate and even surpass them even for
the classic DLC-coating: 24 £ 2 and 159 £ 4 GPa, correspondingly.

However, it is impossible to predict the behavior of (CrAlSi)N/DLC-Si coatings under
the simultaneous action of thermal and mechanical loads typical for the operation of a
cutting tool only based on the established values of nanohardness and elastic modulus.
Thus, the evaluating results of the effect of the Si content in the DLC-Si layer on the
coefficient of friction and volumetric wear of the surface layer of SiIAION samples under
high-temperature exposure are of interest.

Figure 10 shows the results of tribological tests for samples made of SiAION ceramics with
(CrAlSi)N/DLC-Si coatings with different Si-content (1.5, 4.1, 6.2, and 7.7% wt.). Additional
data obtained for uncoated samples made of SIAION ceramics and samples with single-layer
coatings such as (CrAlSi)N and “pure” DLC are shown in Figure 11 for comparison.
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Figure 10. Change in the coefficient of friction depending on the testing time of samples made of
SiAION ceramics with (CrAlSi)N/DLC-Si coatings (a) and volumetric wear of samples after passing
a distance of 250 m at high-temperature friction-sliding (b).

The presented results allow us to conclude (Figure 10) that the deposited (CrAISi)N/DLC-
Si coatings with different silicon content reduce the coefficient of friction of SiAION ceramics
over a 150 m test distance. After that, it increases significantly for samples with a Si content of
1.5, 6.2, and 7.7% wt. Upon reaching 250 m, it already has values characteristic of the original
S1AION ceramics and “pure” DLC coatings (Figure 11). The coefficient of friction of silicon-free
DLC coatings begins to increase sharply already after passing a distance of 50 m and quickly
reaches values corresponding to the ceramic substrate. It can be explained by the well-known
low thermal stability of “pure” DLC coatings. Volumetric wear of the (CrAISi)N/DLC-Si coated
samples with the Si content of 1.5 and 7.7% wt was slightly less than for those made of SiIAION
ceramics. Only a sample with a silicon content of about 4.1% wt had a lower coefficient of
friction throughout the entire friction distance than SiAION ceramics and “pure” DLC coatings.
The same coating was distinguished by the most negligible volumetric wear, determined in the
cross-section of the worn friction path. The authors of [63] also noted the primary influence of
the content of SiO, (O/Si ratio in DLC:SiOy films was 0.286 =+ 0.008) on the wear resistance of
coatings for sliding/friction parts such as bearings or for precision gages.
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Figure 11. Change in the coefficient of friction depending on the testing time of uncoated samples
made of SiAION ceramics and with the deposited single-layer (CrAlSi)N and DLC coatings (a) and
volumetric wear of samples after passing a distance of 250 m at high-temperature friction-sliding (b).

The results obtained are related to the fact that samples with (CrAISi)N/DLC-Si
coatings with a silicon content of about 4.1% wt. have the most minor decrease in the
proportion of diamond sp3 hybridization in the structure upon heating (Table 3), and
doping silicon in carbon coating makes it possible to increase its thermal stability due to
the formation of S5iO; compounds under thermal action, which was identified by the XPS
analysis described above. It can be assumed that for a sample with a lower silicon content
of 1.5% wt., the amount of SiO, formed during heating is still insufficient for a noticeable
increase in the thermal stability of the surface layer (Table 2). The insufficient effect of the
use of (CrAlSi)N/DLC-Si coatings with a higher silicon content (6.2 and 7.7% wt.) can
be attributed to the fact that despite an increase in the amount of SiO, formed during
thermal exposure (Tables 4 and 5), this compound possessing thermal stability exhibits
also increased brittleness reported by various authors [68,69]. Knowing the wear-resistant
properties of SiOx content in DLC coatings, the authors [70] even propose the deposition
of 5i0; quartz film as an independent layer on Al,O3 ceramics in combination with DLC
coating on top of it. Perhaps that is why the rather intensive wear is observed under the
mechanical action of the counterbody on the surface layer of these samples. In addition, the
lowest values of H and E were recorded for these samples (Table 6), which will significantly
decrease during the thermal action on the surface layer.

When analyzing the behavior of (CrAlISi)N/DLC-Si coatings during high-temperature
friction-sliding, the possible role of the intermediate (CrAlSi)N nitride coating, which in itself
reduces the friction coefficient and the volumetric wear of the surface layer in the friction
track, should be noted (Figure 11). Multi-component coatings of this type have proven well
during operation under conditions of temperature influence, and their high thermal stability
among nitride coatings was reported in [71,72]. It can be assumed that the outer DLC-Si layer
of the two-layer (CrAlSi)N/DLC-Si coating composition performs antifriction functions and
protects the surface layer from intense wear at the initial stage. After it loses its wear-resistant
properties, the intermediate layer (CrAlISi)N perceives effective thermal and mechanical loads,
providing less intensive volumetric wear of SIAION ceramics.

It was shown that the (CrAlSi)N/DLC-Si coating with a Si content of about 4.1% wt
exhibits the best wear resistance considering the results of tribological tests. This coating
deposited on SiAION-ceramic end mills has been selected for laboratory testing in milling
of NiCr20TiAl nickel-chromium alloy.
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3.4. Wear Resistance of SiAION-Ceramic End Mills with (CrAISi)N/DLC-Si Coatings

Two groups of SiAION-ceramic end mills (each group included four cutters) were
subjected to wear resistance tests during cutting: the samples without coatings and with
(CrAlSi)N/DLC-Si coatings (Si of ~4.1% wt.). Figure 12 shows cutting tool flank wear
versus cutting time in milling of NiCr20TiAl alloy at a cutting speed of 376.8 m/min,
a feed per minute of 1500 mm/min, and a feed per tooth of 0.03 mm/tooth. It can be
seen that the deposition of (CrAlISi)N/DLC-Si coatings significantly (by 1.47) increases the
wear resistance of cutters made of SiAION ceramics (up to a failure criterion of 400 um).
Figure 13 shows optical images of the development of wear on the flank surface of the
teeth of uncoated and coated (CrAlSi)N/DLC-5i end mills with an increase in cutting time,
clearly demonstrating the decrease in the intensity of wear in the presence of the coating.
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Figure 12. Dependences of flank wear of various SiAION-ceramic end mills on cutting time in milling
of NiCr20TiAl alloy.

10.0 minutes 7.5 minutes 5.0 minutes 2.5 minutes

12.5 minutes

Figure 13. Optical images of the development of wear areas on the tooth flanks of uncoated (a) and
(CrAlSi)N/DLC-Si-coated (b) SiAION-ceramic end mills with an increase in cutting time.
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Thus, the average operating time (wear resistance) of coated end mills before reaching
the accepted failure criterion was 15.5 min and 10.5 min for the original cutters. Consid-
ering the extremely high cost of ceramic end mills, the achieved result of increasing wear
resistance through the formation of (CrAlSi)N/DLC-Si coatings can provide a significant
economic benefit.

It should be noted that a single-layer DLC coating is thermally unstable when heated
at the mentioned temperature, as can be seen from high-temperature friction-sliding tests.
However, the Si-doped DLC-coating combined with a three-component nitride sublayer
demonstrated higher thermal stability. At the same time, the role of the substrate cannot be
ignored. In this study, the substrate is a high-temperature-resistant material. It is obvious
that if the studies were performed not for oxide-nitride ceramics but for less thermo-
resistant material (for example, metal-based alloy), then the coating would demonstrate a
different temperature tolerance.

4. Conclusions

This study has demonstrated that silicon doping of DLC coatings formed by gas-
phase deposition in combination with the pre-formed interlayer coating deposition is an
integrated approach that can expand the possible areas of application of diamond-like
carbon coatings and increase the efficiency of their use for products operating under high
thermal loads (primarily for cutting tools).

The EDX analysis showed that the presence of Si(CHjz)4in the gas mixture in a volume
of 1, 4,7, and 10% ensures the formation of DLC coatings with a Si content of about 1.5, 4.1,
6.2, and 7.7% wt on SiAION-ceramic samples, respectively.

XPS analysis showed that the main component of the structural state of the DLC-Si
coatings formed by gas-phase deposition is diamond sp3 (share of 48-56%) and graphite
sp2 (15-18%) hybridization of carbon. Under increased thermal exposure (heating up to
800 °C in a vacuum furnace), a significant transformation in the DLC-Si structure was
revealed as follows: the fraction of sp3 significantly decreased (up to 23%), while the
fractions of sp2 and carbon-containing impurities increased. In addition, a twofold increase
in the fraction of the oxygen component in the DLC-Si coatings is noted upon heating.
Simultaneously, oxidative reactions occur in the surface layer of the samples during heating
with the formation of thermostable SiO, phases. Their fraction depends on the content of
Si(CH3s)4 in the gas mixture in the range of 1-6%.

Studies of the (CrAlSi)N/DLC-Si coatings” behavior in high-temperature friction-
sliding have shown that the samples whose DLC coatings with ~4.1% wt. of silicon
demonstrated the smallest coefficient of friction over the entire friction distance and the
minimum volumetric wear of the surface layer at the friction path.

Tests of SiAION-ceramic end mills in milling of NiCr20TiAl nickel-chromium alloy
showed that the deposition of coatings of the rational (CrAlSi)N/DLC-5i composition (Si
of ~4.1% wt.) made it possible to increase the operating time of the cutters by a factor of
1.47 compared to the uncoated ones.

The original experimental data can be used to develop DLC coatings for metalworking
needs further.
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Appendix A

1. Preparation for operation of the unit for coating deposition and technological facilities with a system
of planetary rotation of samples to be processed

| 2. Preliminary cleaning of the surface of SiAION-ceramic samples in an ultrasonic tank |

| 3. Mounting samples of SiAION ceramics on a tooling |
4. Loading of technological facilities with samples made of SiAION ceramics into the vacuum chamber
of the unit

[ 5. Starting the coating program (CrAlSi)N/DLC-Si on the control panel of the unit |

6. Pumping out the vacuum chamber to a pressure of 0.03 Pa and heating the chamber with heaters for
60 min to a temperature of 500 °C
!

7. Cleaning the surface of samples made of SiAION ceramics in a gas discharge for 20 min at a
temperature of ~500 °C: inlet of Ar and maintaining a pressure of 1.2 Pa; supply of a bias voltage of
—650 V to the tooling; supply of a current of 90 A to the AlSi cathode (anode); supply of a current of

90 A to the cathode Cr (source of electrons)

8. Cleaning the surface of samples made of SiAION ceramics with metal ions for 20 min at a
temperature of ~500 °C: inlet of Ar and maintaining a pressure of 2.2 Pa; supply of a bias voltage of
—800 V to the tooling; supply of a current of 90 A to the AlSi cathode

9. Deposition of an intermediate (CrAlSi)N coating on samples made of SiAION ceramics for 75 min at
a temperature ~500 °C: 5 % vol. Ar and 95% vol. N, and maintaining a pressure of 0.9 Pa; supply of a
current of 90 A to Cr and AlSi cathodes; supply of a bias voltage of —80 V to the tooling; supply of a gas
mixture of 16% vol. Si(CHs)s, 6% vol. Ar, and 78% vol. N for 7 min before the end of the process to
form a gradient layer before DLC-Si coating

10. Lowering the temperature in the chamber to 180 °C for DLC coating deposition, turning off the
cathodes, and stopping the gas supply to the vacuum chamber

11. A DLC coating deposition on samples made of SiAION ceramics for 120 min at a chamber
temperature of 180 °C, maintaining a pressure of 1.5 Pa and supply of a bias voltage of 500 V to the
tooling; inlet of various variants of the gas mixture into the vacuum chamber:

(1 % vol. Si(CHs)s, 54 % vol. Ar and 45 % vol. C2Hz);

(4 % vol. Si(CHs)s, 51 % vol. Ar and 45 % vol. C2Hz);

(7 % vol. Si(CHs)s, 48 % vol. Ar and 45 % vol. C2FL);

(10 % vol. Si(CHs)s, 45 % vol. Ar and 45 % vol. C2Hz)

12. Cooling of the vacuum chamber of the unit and withdrawal of samples made of SiAION ceramics
with (CrAlSi)N/DLC-Si coatings

13. Carrying out microscopic control of samples made of SiAION ceramics with (CrAlSi)N/DLC-Si
coatings for the presence of local delaminations

Figure A1. Flowchart of the technological process and the sequence of operations for (CrAlSi)N/DLC-
Si coatings’ deposition to samples made of SIAION ceramics.
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